The Aoyougou mafic-ultramafic complex lies in the Paleozoic orogenic belt of the western part of the North Qilian Mountains near Aoyougou valley in Gansu Province, northwestern China. It consists of serpentinite, a cumulate sequence of gabbro and diorite, pillowed and massive lavas, diabase dikes, and chert, an assemblage tentatively interpreted as an ophiolite. SHRIMP dates on zircons from the diabase dikes indicate a crystallization age of 1777 ± 28 Ma. The basalts show light rareearth element enrichment and have relatively high TiO 2 and low Al 2 O 3 contents, characteristic of present-day E-MORB or ocean-island lavas. All of the lavas have relatively low MgO contents and Mg numbers [100Mg/(Mg+Fe)], indicating a somewhat evolved character. The diabase dikes have flat chondrite-normalized REE patterns and are significantly more primitive than the lavas. Based on the lava geochemistry, the nature of the serpentinite, and the regional geology, the Aoyougou complex is interpreted as a fragment of oceanic lithosphere that may have formed at an oceanic spreading axis. Later subduction of oceanic lithosphere in the Middle Proterozoic produced a trench-arc-basin system, which is preserved in the North Qilian Mountains. The tectonically dismembered Aoyougou complex is similar in many respects to Phanerozoic ophiolites and suggests that modern-style plate tectonic processes in China may have begun as early as the Middle Proterozoic.
Introduction
OPHIOLITES HAVE BEEN interpreted as remnants of the oceanic crust and the uppermost parts of the oceanic upper mantle, tectonically emplaced onto the margin of an overriding continental plate during the subduction of an oceanic plate. Therefore, the occurrence of ophiolites in a suture zone is an important indication of the existence of an ancient oceanic plate before the collision of two plates. Thus, ophiolites are geologically very important and have been extensively studied (e.g., Gass, 1968; Coleman, 1971 Coleman, , 1984 Dewey and Bird, 1971; Robertson and Xenophontos, 1993) . The apparent absence of ophiolites from ancient orogenic belts has prompted speculation on the nature of Protero-zoic and Achaean oceanic crust (e.g., Sleep and Windley, 1982; Arndt, 1983; Hargraves, 1986; Moores, 1986) , and on when plate tectonic processes, involving modern-style subduction of oceanic crust, may have begun (e.g., Condie, 1976; Kroner, 1983) . Whereas some well-studied ancient orogenic belts are thought to have formed by processes compatible with modern plate tectonics (e.g., the early Proterozoic Wopmay orogen; Hoffman and Browring, 1984) , undisputed oceanic crust has rarely been recognized. To date, only the Jormua complex in northeastern Finland and the Purtuniq ophiolite of Canada have been interpreted as dismembered but complete examples of oceanic crust and upper mantle of early Proterozoic age (Scott et al., 1991) .
The North Qilian orogenic belt is located in the southwest margin of the North China block, which is the middle part of the major orogenic belt of Qinling, Qilian, and Kunlun that extends across central China. This belt not only records valuable geological information about ancient plate tectonic systems and orogenic processes, but also preserves many economic mineral deposits of copper, gold, and lead and zinc. Ophiolites occur extensively along the Qilian mountain range in several parallel belts and have drawn the attention of geologists in the past two decades in their study of the tectonics of the Asian continent. Wang and Liu (1976) reported the occurrence of ophiolite suites in four more or less parallel belts of the Late Proterozoic, Cambrian, and Ordovician ages, respectively, in the North Qilian orogenic belt, and discussed their tectonic significance. Xiao et al. (1978) also pointed out the occurrence of ophiolites in these three geological periods, described five ophiolitic sections, and discussed their geological implications in relationship to plate tectonics. More detailed works on the ophiolites of this belt appeared beginning in the early 1990s. In a detailed study of the marine volcanic rocks of the Qilian-Qinling mountain range, Xia et al. (1991) considered that those marine volcanic rocks closely associated with ultramafic rocks might actually be the constituent members of ophiolite suites. Feng and Wu (1992) proposed that the ophiolites in the North Qilian Mountains were generated in the four types of tectonic environments. Zuo et al. (1996) recognized four types of the Paleozoic ophiolites, in a total of eight belts in the Qilian mountain range, and discussed their tectonic significance.
The Aoyougou complex, which is located in the western part of the North Qilian Mountains, was originally mapped by the Gansu Bureau of Geology and Mineral Resources (1978) as normal basaltic rocks of Middle Proterozoic age, cut by early Paleozoic ultramafic intrusions. Based on the geochemistry of the lavas, Xiao et al. (1978) first interpreted the complex to be an ophiolite and suggested a Late Proterozoic age in light of the stromatolites found in associated carbonates. He (1996a, 1996b) agreed that the complex is an ophiolite, but suggested an early Ordovician age based on regional geological relationships.
We have re-investigated this complex and have carried out a series of petrographic, geochemical, and geochronological investigations that support the interpretation that it is an ophiolite of Middle Proterozoic age. As such, it provides an excellent opportunity to examine Precambrian plate tectonic processes and ocean magmatism.
Regional Geological Setting
The Qilian mountain range, with an average width of about 300 km, extends in a general WNW-ESE direction for about 1200 km in northwest China. It is sandwiched between the Alashan Massif and the Tasaidam Massif, and is tectonically divided into North Qilian, Central Qilian, and South Qilian Mountains, with all their boundaries being long, deep-seated thrust faults. The Central Qilian Mountains are considered to be a central uplift, and consist of Precambrian metamorphic rocks, migmatites, and granitoids. South Qilian is a Caledonian fold belt, which comprises Lower Paleozoic rocks and the Precambrian basement as well as horizontal or gently dipping Upper Paleozoic, Mesozoic, and Cenozoic strata. The North Qilian Mountains have long been considered a typical early Paleozoic orogenic belt (Xiao et al., 1978; Zuo and Liu, 1987; Xia et al., 1995 Xia et al., , 1996 . The backbone of the North Qilian Mountains consists of Precambrian metamorphic rocks, a thick pile of Cambrian-Ordovician volcanic rocks and Silurian-Devonian sedimentary rocks, all of which were deformed, regionally metamorphosed, and intruded by granitoids during the Caledonian Orogeny. Abundant ultramafic and mafic plutonic rocks, mostly in association with Cambrian-Ordovician volcanic rocks, are distributed parallel to the major tectonic features. The conditions of regional metamorphism are generally up to greenschist facies, but three blueschist belts containing eclogites have been discovered (Wu, 1980; Wu et al., 1991) .
The Precambrian rocks in the western part of the North Qilian Mountains consist of the Lower Proterozoic Beidahe Group, the Middle Proterozoic Zhulongguan and Jingtieshan Groups, and the Late Proterozoic Daliugou and Baiyanggou Groups (Fig.  1) . The Beidahe Group, which consists of amphibolite-facies metamorphic rocks (including mica schist, amphibolite, gneiss, and marble), contains the oldest rocks exposed in the region with an Sm-Nd isochron age of 2001 ± 27 Ma (Zhang et al., 1998a) . The Aoyougou complex occurs in the Zhulongguan Group, which also contains sandy slate, pyroclastic rocks, limestone, and minor sandstone. The Jingtieshan Group consists mainly of quartzite and phyllite with minor interbedded limestone and banded iron formation. An Sm-Nd isochron date of 1309 ± 80 Ma for the Jingtieshan Group indicates a late Middle Proterozoic age (Yang and Zhao, 1999) . Dolomitic marble makes up most of the Daliugou Group, whereas the Baiyanggou Group consists of heterogeneous breccias, which may have formed during rifting of the North China block. Zhang et al. (1998b) divided the Zhulongguan Group into five major lithologic units. The oldest unit is composed chiefly of sandy slates, basaltic lavas intercalated minor acidic volcanic pyroclastic rocks, and some carbonates. The second unit is the Aoyougou complex, which will be described in detail. Unit 3 consists chiefly of basaltic lava, tuff, and breccia with minor interbedded sandstone. Unit 4 is composed of serpentinized peridotite, gabbro, and pillow basalt. The youngest unit consists chiefly of andesitic lavas and pyroclastic rocks with minor basaltic rocks.
Geology and Petrography of the Aoyougou Complex
A typical section of the complex is exposed in the Aoyougou area, about 33 km southwest of the Jingtieshan iron mine (Fig. 1) . The complex crops out in a WNW-ESE direction and consists chiefly of two lithologic units, one plutonic and one volcanic (Fig. 2) . The plutonic unit forms a block of ~1300 m long by 400 m wide, and consists of serpentinite, gabbro, and gabbro-diorite. A small swarm of diabase dikes intrudes into the serpentinite. Each of these rocks is described individually below.
The serpentinites are well exposed for a few hundred meters. The outcrops are strongly fragmented. The serpentinites consist chiefly of 60 to 65% serpentine (antigorite and chrysotile), 30 to 35% bas- tite, and minor residual chromite and magnetite. The bastite forms pseudomorphs of orthopyroxene grains with irregular, embayed outlines, suggesting a residual origin after a previous melt extraction. The precursor minerals of serpentine can be recognized from the shape and arrangement of the inclusions. Most of the serpentines have opaque inclusions arranged in a network, and are therefore thought to have altered from olivine. Although fresh olivine and pyroxene are absent, the original rock is identified as clinopyroxene-bearing harzburgite, based on the presence of bastite pseudomorphs and its chemical compositions (0.51 wt% CaO and up to 1.54 wt% Al 2 O 3 ). Therefore, the peridotite is interpreted as residual mantle material rather than a layered intrusion, because the serpentinite lacks feldspar and mica, both of which are common in layered intrusions, and because it lacks a well-equilibrated granulitic texture but has a protogranular texture.
A single chromitite ore body, 1.6 m long and 0.25 m wide, crops out in the serpentinite. It has a crude podiform shape and trends roughly N-S. The chromite is moderately aluminous with an average Cr# [100Cr/(Cr+Al)] of 58 and Mg# [100 Mg/ (Mg+Fe +2 )] of 63 (Table 1) , both characteristic of ophiolitic chromite (Dick and Bullen, 1984) .
Gabbros and gabbro-diorites in the complex are mainly massive, but are locally strongly sheared to form cataclasites and pseudotachylites. The massive gabbros are coarse grained and show typical igneous textures of interlocking plagioclase and pyroxene grains with minor Fe-Ti oxide minerals. The plagioclase has been extensively replaced by epidote or strongly saussuritized to a fine-grained mixture of epidote, clinozoisite, and albite. The clinopyroxene is partly uralitized and mantled by feathery hornblende and fibrous chlorite. However, some fresh clinopyroxene is preserved. It is augite with an average composition of En 62 Wo 24 Fs 14 (Table 1) . The gabbro-diorites also contain abundant amphibole, which replaces part of the augite grains. Thus, the amphibole was introduced during hydrous metamorphism. Locally, the metasomatism accompanying the alteration was so intense that the plagioclase was transformed to epidote and albite.
Five diabase dikes, ranging from 5 to 10 m in width, cut the serpentinized peridotite. They are equally spaced and subparallel to each other, with an average strike of N20°E and a dip of 70°SE. Each individual dike has chilled borders. The dikes are petrographically and mineralogically very much the same as the gabbros described earlier, except that they are medium-grained and the alterations are not as extensive. They consist chiefly of altered plagioclase and clinopyroxene. Unaltered pyroxene is augite with a composition of En 37 Wo 27 Fs 34 (Table  1) . The original plagioclase is altered to albite (Table 1) .
Mafic pillow lavas make up most of the extrusive sequence, although a few massive lavas also are present. Individual pillows range from about 30 to 50 cm in thickness and many have altered glassy rims. Most of the pillows are amygdaloidal, with calcite and lesser chlorite filling the vesicles. Microphenocrysts consist of calcic plagioclase, most of which has been replaced by albite (Table 1) . The groundmass consists of minute plagioclase laths, granular augite with an average composition of En 44 Wo 35 Fs 21 (Table 1) , fine-grained magnetite, and variable amounts of altered glass. Siliceous rocks occur as nodules and thin layers of red chert, 3-10 cm thick, within the lavas.
The extrusive and plutonic sequences occur as separate bodies in faulted contact (Fig. 2) . The extrusive sequence is overlain by thin tectonic slices of dolomitic marble interpreted to be part of the Late Proterozoic Daliugou Group based on regional stratigraphic correlations.
Single-Crystal Zircon Dating of the Aoyougou Complex
Samples of about 50 kg each were collected from the diabase dikes for separation of zircon. Hundreds The zircon grains were mounted in Epires epimount epoxy together with chips of zircon standard (CZ3) and polished to expose a cross-section of each grain. The internal structures of the grains were investigated using CL and SEM imagery undertaken at the microscopy center. The mount was then cleaned and gold-coated. U-Th-Pb analyses were made on the exposed zircon surfaces using the Western Australian consortium SHRIMP II ion microprobe at the Curtin University of Technology. Detailed analytical procedures are described by Compston et al. (1984) . Isotopic ratios were monitored by reference to a 206 Pb/ 238 U ratio of 0.09432 that is equivalent to an age of 564 Ma for the Sri Lankan gem zircon standard CZ3, fragments of which were mounted with each sample. Pb/U ratios in the unknown samples were corrected using the In(Pb/U)/In(UO/U) relationship as measured in standard CZ3. All reported ages represent 207 Pb/ 206 Pb data that have been corrected by the 204 Pb technique (Compston et al., 1984) . Uncertainties in age calculations depend on both counting statistics and the additional effect of common Pb subtraction. Common Pb corrections to the zircon 207 Pb/ 206 Pb ratios were made using the 208 Pb correction method. The analytical data were initially reduced using the computer program KRILL, and weighted mean 207 Pb/ 206 Pb ages for designated groups of analyses were calculated using the PLONK program. Individual analyses in the data table and concordia plot ( Fig. 4 ) are presented as 1V error boxes, and uncertainties in ages are quoted at the 95% confidence level (2V).
Sixteen separate zircon grains from the Aoyougou complex were analyzed and these yielded four groups of ages ( Fig. 3 ; Table 2 ). The majority of the analyses (10 analyses on 10 grains) yielded a weighted mean age of 206 U/ 238 Pb: 1777 ± 28 Ma, whereas a second group of three analyses yielded a weighted mean age of 1466 ± 26 Ma (Table 2) . Two analyses have an average age of 507 ± 9 Ma, and one grain yielded a much older age of 2561 ± 39 Ma ( Table 2 ). The 1777 Ma age is in good agreement with 207 Pb/ 206 Pb dates obtained previously at the Institute of Geology, Chinese Academy of Geological Sciences, Beijing (1783 ± 2 Ma, 1784 ± 2 Ma, 1840 ± 2 Ma, Mao et al., 1997) and is taken as the crystallization age of the diabase dikes.
Geochemistry

XRF and ICP-MS analytical methods
New major-element analyses were obtained for eight samples (the first eight samples in Table 3) using standard X-ray fluorescence (XRF) techniques on fused glass pellets. Accuracies of the XRF analyses are estimated as 2% for major elements present in concentrations greater than 0.5 wt% and 5% for those present in lower concentrations. The other analyses listed in Table 3 are from Xiao et al. (1978) and the Gansu Bureau of Geology and Mineral Resources (1978) .
All trace elements including REE (Table 4) were analyzed on a VG Elemental PlasmaQuad 3 inductively coupled plasma-mass spectrometer (ICP-MS) at the University of Hong Kong. The protocol of Zhou et al. (2000) was used, with standard additions, pure elemental standards for external calibration, and BHVO-1 as a reference material. The ICP-MS analyses yield accuracies better than 5%.
Analytical results
Analyzed serpentinite samples range from 36.78% to 36.90% MgO, corresponding to dry weight values of 42.12% and 42.51%, respectively, which are appropriate for harzburgite. The contents of CaO, Al 2 O 3 , and SiO 2 suggest that the primary rock contained small quantities of clinopyroxene.
The one analyzed diorite has an unusual composition, with relatively high quantities of both SiO 2 and MgO ( (Table 1 ). The high MgO content reflects the presence of fresh clinopyroxene, whereas the high SiO 2 content reflects extensive albitization of the plagioclase.
The diabase dikes and the lavas are similar in major element compositions, ranging from 45.6 to 52.8 wt% SiO 2 and 1.3 to 3.2 wt% TiO 2 (Table 3) . MgO contents range from 4.2% to 7.2% and Mg# values from 42 to 56. The composition of the lavas indicates that they are basalts and basaltic andesites derived from relatively evolved magmas (Table 3) .
When plotted on a FeO total vs. FeO total /MgO diagram (Miyashiro, 1975) , the diabases and lavas all lie in the tholeiitic field (Fig. 4) . However, the lavas show significant enrichment in light rare earth elements (LREE) (Fig. 5A) with La/Sm ratios ranging from 2.4 to 4.4. The enrichment of LREE and the relatively high TiO 2 contents of the basalts are characteristic features of present-day ocean island basalts (OIB) or E-MORB rather than island-arc tholeiites (IAT). In this respect, the Aoyougou complex differs from Ordovician ophiolites of the North Qilian Mountains, in which the lavas show relatively flat chondrite-normalized patterns with LREE depletion, typical of N-MORB (Feng and He, 1995) . The diabases of the Aoyougou complex, on the other hand, display relatively flat chondrite-normalized REE patterns with much lower levels of enrichment (Fig. 5B ). Both the diabases and basalts show small negative Eu anomalies, suggesting feldspar fractionation.
MORB-normalized trace element patterns for the basalts all show large-ion-lithophile-element (LILE) enrichment, particularly in Ba, Rb, and Th (Fig.  6A ), but individual samples are highly variable. As these elements are particularly mobile, the enrichment of these elements should be related to metamorphism. The contents of Ta, Nb, and Ce are close (Fig. 6B) . These elements are typically mobile during low-temperature alteration of basaltic rocks, and the observed patterns probably reflect alteration processes rather than original magmatic compositions.
Discrimination diagrams give ambiguous results for the basaltic rocks and diabases, at least in part due to their extensive alteration. However, HFSE, such as Zr and Y, are relatively immobile during alteration. When plotted on the Zr/Y versus Zr diagram of Pearce and Norry (1979) , the basaltic rocks plot in the WPB field, whereas the diabases plot in the MORB field (Fig. 7) . The cherts interlayered with the pillow lavas are characterized by relatively low Al/(Al+Fe+Mn) (0.10), Al 2 O 3 /TiO 2 (6.30), and high FeOt/TiO 2 (84.5). The low alumina and high iron contents are typical for siliceous rocks formed at mid-ocean ridges (Adachi et al., 1986) .
Discussion
The North Qilian Mountains and their ophiolites have long been considered to represent an early Paleozoic fold belt (e.g., Zuo and Liu, 1987; Zuo et al., 1996; Xia et al., 1995 Xia et al., , 1996 , although Xiao et al. (1978) suggested that some of the ophiolites might be Proterozoic. On the basis of regional stratigraphy, the Aoyougou complex is considered part of the Middle Proterozoic Zhulongguan Group (Gansu Bureau of Geology and Mineral Resources, 1978) , and the new zircon dates reported in this paper indicate a minimum early Middle Proterozoic age for the complex, although single zircon dating yields four groups of ages. The Middle Proterozoic age of the Zhulongguan Group is supported by an age of 1770 ± 83 Ma obtained by Sm/Nd whole-rock dating of basaltic rocks in Unit 3 (Xu et al., 1996) .
Our field studies show that some units of the Zhulongguan Group are overlain by the basal quartzite of the late Middle Proterozoic Jingtieshan Group (1309 ± 80 Ma), supporting a Middle Proterozoic age for the Aoyougou complex. Fossiliferous dolomitic marbles in faulted contact with the pillow lavas are not considered to be part of the complex, and thus are not a reliable indicator of its age.
The other zircon dates can be explained as follows. The younger dates (506 Ma and 1466 Ma) are interpreted as metamorphic ages, which are consistent with the two metamorphic events in the area (Wu et al., 1990) , whereas the oldest date probably represents a xenocryst picked up by the dike. The recrystallization shapes of the zircons with the two groups of ages of 506 Ma and 1466 Ma indicate their metamorphic origin. Although the Beidahe Group contains the oldest rocks outcropping in the region, it is noted that the ages of 2460 to 2789 Ma have been obtained in the adjacent areas-e.g., the Alashan Massif, the Tasaidam Massif, and Central Qilian Bureau of Geology and Mineral Resources, 1990; Che and Sun, 1996) . Moreover, there are also similar strata to the Beidahe Group in these areas. Thus, the zircon date (2561 Ma) may be derived from the older strata beneath the North Qilian Mountains, which do not outcrop in the region. It suggests that North Qilian, Central Qilian, Alashan Massif, and Tasaidam Massif have a uniform basement before the Paleoproterozoic.
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Proper identification of disrupted mafic-ultramafic sequences is difficult, but several lines of evidence support our interpretation that the Aoyougou body is an ophiolite. First, the body contains serpentinite derived from refractory peridotite, cumulate gabbro, pillow lavas, diabase dikes, and cherts, all typical lithologies of an ophiolite assemblage, following the definition of ophiolite given at a Penrose Conference in 1972 (Anonymous, 1972 . Second, no intrusive boundaries or features have been identified in the sequence, except for the diabase dikes, so the Aoyougou body is unlikely to be a disrupted layered intrusion. Third, the mineralogy and lithology of the complex is appropriate for an ophiolite. In particular, the peridotite in the Aoyougou complex hosts a small podiform chromitite, suggesting it derived from refractory mantle rather than being a component part of a layered intrusion. Chromite compositions in the chromitite are characteristic of ophiolites rather than layered intrusions. Moreover, the low Al/(Al+Fe+Mn) ratio (0.10) of the siliceous FIG. 6. MORB-normalized trace element variation diagrams for rocks of the Aoyougou ophiolite. A. Pillow lavas. B. Diabase dikes. Reference numbers are those from Table 4 . The order of elements is after Pearce (1983) and the normalizing values are after Pearce (1996). rocks in the extrusive sequence is also characteristic of ophiolites (Adachi et al., 1986) .
Using the geochemistry of Precambrian lavas to deduce their tectonic environment is fraught with difficulties (e.g., Pearce, 1996) . Most Precambrian basalts are altered to varying degrees and the thermal regime in the Precambrian (particularly in the Achaean) may have produced higher degrees of partial melting than is currently the case, thus changing some crucial trace element ratios. Another major problem in dismembered ophiolites is that lavas from several environments can be tectonically juxtaposed.
Both the pillow lavas and diabases in the Aoyougou complex are tholeiitic in character (Fig.  4 ), but they are compositionally distinct. The pillow lavas are relatively evolved basalts with low Mg#s, high TiO 2 contents, and LREE enrichment. They are compositionally similar to modern E-MORB or ocean-island lavas. The diabases have slightly higher MgO contents and Mg#s and are characterized by flat chondrite-normalized REE patterns. Their major and trace element compositions are similar to present-day MORB lavas, although the REEs are somewhat lower, which suggests that they might derive from more refractory mantle. Although the lavas and diabases are compositionally distinct, some trace element ratios are similar. The Zr/Nb ratios of the diabases range from 15.7 to 17.9, whereas those of lavas vary from 12.9 to 15.2 (Table   4 ), which are similar to modern E-MORB and OIB values (Wilson, 1989; Weaver et al., 1991) . Both the pillow lavas and diabases have moderate negative Eu anomalies, suggesting some fractionation of plagioclase.
Tectonic Interpretation
We interpret the Aoyougou complex to be a fragment of Proterozoic oceanic lithosphere, similar in character to Phanerozoic ophiolites. The pillow lavas of the complex are similar in composition to present-day E-MORB or ocean-island lavas, suggesting formation in a ridge-plume environment. The diabase dikes have a composition similar to present-day MORB and may also have formed at a spreading axis, and were derived from more refractory mantle. As the Aoyougou ophiolite has the differing chemistry of the pillow lavas and the dikes, it probably formed on a large spreading axis, influenced by a plume, in a large ocean.
As stated above, the Zhulongguan Group, of which the Aoyougou complex is a part, consists of five major lithologic units. Zhang et al. (1998b) proposed that each unit probably formed in a different tectonic setting. The oldest unit is composed chiefly of sandy slates, basaltic lavas, intercalated minor acid volcanic pyroclastic rocks, and some carbonates. The volcanic rocks are characterized by a "bimodal" character, with some rocks being basic and some acidic. The basic rocks belong to the alkaline basalts, and thus the unit is interpreted to have formed in a continental rift environment (Fig. 8) . The age of the basic rocks are determined with Sm-Nd method to be 1870 Ma (Gansu Bureau of Geology and Mineral Resources, 1994) .
Unit 3 consists chiefly of basaltic lava, tuff, and breccia with minor interbedded sandstone. The basaltic rocks belong to tholeiite series, with low TiO 2 contents ranging from 0.89 to 1.44% with an average value of 0.99%; they exhibit an Nb-Ta trough on the MORB-normalized trace element patterns. Thus, it can be interpreted an an immature island arc (Zhang et al., 1998b) . Xu et al. (1996) obtained a Sm-Nd isochron age of 1770 ± 83 Ma for basaltic rocks in Unit 3.
Unit 4 is also a mafic-ultramafic complex, consisting of serpentinized peridotite, gabbro, pillow lava, and thinly bedded greyish black siliceous rocks and greenish grey siliceous rocks. However, their geochemistry differs from the Aoyougou ophiolite. Compared with the lavas of the second unit, those of Unit 4 are characterized by more enrichment in LREE and higher Al 2 O 3 contents (12.43 to 14.91%, averaging 13.74), which are lower than those in Unit 3. They are plotted in the field of ocean-island tholeiites (OIT) and ocean-island alkaline basalts (OIA) on the diagram of TiO 2 -MnO-P 2 O 5 proposed by Mullen (1983) , and their REE patterns and MORB-normalized trace element patterns are also similar to OIT and OIA respectively. However, the gabbros display flat-type REE patterns, suggesting a distinguished source region from the basalts. In addition, all the plagioclase and clinopyroxene in basalts and gabbros are in en echelon arrangement, which suggests that they are affected by compressional force. Zhang et al. (1998b) interpreted Unit 4 to be a subduction zone complex, although it could be a tectonic feature associated with emplacement of the Aoyougou complex. The youngest unit consists dominantly of andesitic lavas and pyroclastic rocks with minor basaltic rocks. The basalts display the characteristics of calc-alkaline series, and Nb-Ta negative anomalies on the MORB-normalized patterns, thus representing a mature island arc (Zhang et al., 1998b) .
Based on the above discussion, we propose a model for the tectonic evolution in the Northern Qilian Mountains in the Precambrian era ( Fig. 8 ). During early Proterozoic time (~1870 Ma), continental rifting occurred, and formed a rift valley (Fig. 8A) , represented by the first unit. The rift valley continued to develop and became an ocean basin in which the mantle plume from the core-mantle boundary formed a magma chamber beneath an oceanic spreading ridge represented by the Aoyougou complex ( Fig. 8B) . Then, subduction of this oceanic plate took place in two directions. Southward subduction generated an immature island-arc belt (Fig.  8C) , while northward subduction yielded the mature island-arc belt on the overriding continental plate and a zone of subduction (Fig. 8D) . A plate tectonic system composed of ridge, trench, prism, and arc emerged. As subduction continued, the basin was finally closed, leaving behind five spatially related tectonic belts as depicted in Figure 8E . It is noted that the marine quartzite at the bottom of the Jingtieshan Group was deposited unconformably on all units except the second unit of the Zhulongguan Group. These relations suggest that the closing of the ocean basin was gradual, without formation of orogenic coarse clastic deposits, and that this ocean basin gradually became a shallow remnant marginal sea before closure of the basin.
Conclusions
Single-crystal zircon dates indicate that the Aoyougou complex formed in early Middle Proterozoic time (minimum age of 1777 ± 28 Ma). The complex consists of oceanic lithosphere, and is similar in character to Phanerozoic ophiolites. The geochemical character of the lavas suggests that they are similar to present-day E-MORB or ocean-island lavas and that they formed from relatively enriched mantle material that may have undergone some metasomatism prior to partial melting. The diabase dikes are similar in composition to present-day MORB and were derived from a different mantle reservoir. The relatively evolved character of the basalts and their small negative Eu anomaly suggest that they formed from more mafic parental magmas by fractionation of olivine and plagioclase. The Zhulongguan Group in the North Qilian Mountains, of which the Aoyougou complex is a part, records a cycle of rifting, subduction, and collision in the early Middle Proterozoic.
